Field experiments were carried out in Georgia and North Carolina to evaluate the efficacy of fungicides approved for the organic management of early leaf spot, caused by Cercospora arachidicola, and late leaf spot, caused by Cercosporidium personatum, in peanut (Arachis hypogaea) fields planted to cultivars with partial resistance to one or both pathogens. Copper treatments alone or in mixtures resulted in less disease than a non-treated control. In Georgia, sulfur provided some disease suppression, but not as much as treatments with copper sulfate. Neem oil did not affect disease severity. Mean pod yields across years were significantly greater than the non-treated control only for copper sulfate in Georgia and cupric hydroxide in North Carolina. The minimal yield response to treatments suggests that under similar situations, the frequency of copper-based fungicide applications may be reduced with little affect on yield.
Introduction
Peanut (Arachis hypogaea) is plagued by a variety of fungal diseases that can make organic production difficult, especially in the humid southeastern United States where most of the conventional domestic peanut production occurs. Two important foliar diseases of peanut are early leaf spot, caused by Cercospora arachidicola (teleomorph = Mycosphaerella arachidis ), and late leaf spot, caused by Cercosporidium personatum (teleomorph = Mycosphaerella berkeleyi). One or both diseases are common in most peanut fields throughout the southeastern US. Infections by these pathogens result in necrotic lesions on leaves, stems, and pegs which lead to premature defoliation and premature pod drop (12) . The amount of defoliation at harvest is significantly correlated to the amount of pod loss, which can be 50% or more in fields where these diseases are not managed (13) . In conventional peanut production systems in the southeastern US, leaf spot epidemics are managed using frequent applications of synthetic fungicides on a calendar-based or weather advisory schedule, so that five or more applications are common per growing season (9) . With disease potential so great, acceptable management tools are needed to help southeastern US growers become competitive in the rapidly expanding organic peanut market.
Prior to the development of synthetic fungicides in the 1970s, copper-and sulfur-containing fungicides were used extensively for leaf spot control in the southeastern US (13) . Although copper fungicides did not provide adequate leaf spot control to prevent yield loss when applied to susceptible cv Florunner (6,11), Culbreath et al. (4) demonstrated that adequate leaf spot disease control was possible when copper fungicides were applied to moderately resistant cv Southern Runner.
Experiments in Georgia and North Carolina evaluated efficacies of organically acceptable fungicides for management of early and late leaf spot diseases in conjunction with crop rotations of one or more years and resistant cultivars. The fungicides tested included copper sulfate, sulfur, cupric hydroxide, botanically-based neem oil, and biological agent Bacillus subtilis. Treatment effects on soilborne diseases endemic at each location were also evaluated.
Organic Fungicide Efficacy Trials
Georgia Final percent defoliation for each plot was estimated just before peanut plants were inverted (153 DAP both years) as an interpolation of data collected using a modified version of the Florida 1 to 10 index (3) where each index value was divided into fourths (0.25). Ratings of 1 to 3 = 0% defoliation. All ratings greater than 3 were interpolated by adding the percentage represented by the index value (3 = 0%, 4 = 5%, 5 = 20%, 6 = 50%, 7 = 75%, 8 = 90%, 9 = 98%, and 10 = 100%) to the percentage of the difference represented by the appropriate quarter value. For example, a rating of 5.25 was estimated as 27.5% defoliation (20% + 7.5% defoliation). Stem rot was evaluated immediately after digging as percentage of linear plot affected by stem rot. Peanuts were harvested mechanically 5 to 7 days after inverting, and pod yields were adjusted to 10% (wt/wt) moisture.
North Carolina. Pods were harvested with a combine 6 to 14 days later and yields were determined for the two center rows of the plots by weighing harvested pods after they were dried and adjusted to 7% (wt/wt) moisture.
Data were analyzed by location using Proc MIXED with ddfm = satterth option on the model statement (SAS v.8.3, SAS Institute Inc., Cary, NC), unless otherwise stated. Main effects were considered significant when P < 0.05. Fisher's LSD values were computed using standard error and t-values of adjusted degrees of freedom. For significant interactions, the above Fisher's LSD was further adjusted to reflect use of the interaction term as a source of error if the F-test for the main effect using the appropriate interaction showed the main effect to be significant.
Efficacy of Organically Acceptable Fungicides
Both early and late leaf spot diseases were present at all locations each year, with disease intensities moderately high relative to comparable farmer fields. No other factors that can contribute to defoliation, such as insect damage or other foliar diseases were obvious; therefore, defoliation ratings were attributed to leaf spot diseases. No significant interactions between fungicide treatment and year occurred at either location (P > 0.05), with the exception of percent defoliation in Tifton (P = 0.03). In this case, the interaction term could be included as a source of error as explained above; therefore, all results are presented across years.
In Georgia, the mean percent defoliation due to mixed infestations of early and late leaf spot pathogens was highest for the non-treated control and neem oil treatments, lowest for plots treated with copper sulfate alone or in a mixture, and intermediate for the plots treated with sulfur (Table 1) . Fungicide treatments did not affect the percentage of plot with stem rot (Table 1) . Mean pod yields of fungicide treatments did not differ significantly from the nontreated control, except for the copper sulfate treatment where yield was significantly greater (Table 1) . x Combined rating of early leaf spot (Cercospora arachidicola) and late leaf spot (Cercosporidium personatum) due to mixed infections in field plots. Ratings were interpolated from a modified version of the Florida 1 to 10 index where each index value was divided into quarters. Least square means from Proc MIXED with LSD adjusted for significant treatment × year interaction (P = 0.03). y Least square means of Sclerotium rolfsii intensities in field plots immediately after peanut inversion. z Least square means of pod yield at 10% (wt/wt) moisture.
In North Carolina, mean defoliation was greatest in the non-treated control and similar for the cupric hydroxide and cupric hydroxide + B. subtilis treatment plots (Table 2) . Soilborne diseases evaluated were not affected by fungicide treatments (Table 2 ). Mean pod yields were significantly greater for the cupric hydroxide treated plots than the cupric hydroxide + B. subtilis plots or non-treated control plots (Table 2) . 
Implications for Organic Disease Management
Results of this study suggest that 14-day-interval applications of cupric hydroxide or copper sulfate can provide acceptable levels of early and late leaf spot diseases in rotated fields without peanut for one year with a cultivar moderately resistant to these two leaf spot pathogens. Except for Perry which is susceptible to late leaf spot, the degree of early leaf spot and late leaf spot resistances of the peanut genotypes used in this study was comparable to or better than that of the moderately resistant cv Southern Runner which was evaluated under a similar fungicide regime using copper-containing fungicides by Culbreath et al. (4) . In this experiment, copper fungicides reduced leaf spot diseases as well alone as they did when mixed with sulfur or B. subtilis, and yields were significantly greater in plots sprayed with copper fungicides alone compared to the mixtures. This trend has not been consistent in other experiments that compared disease and yield responses of B. subtilis and copper fungicide mixtures to copper fungicides alone on susceptible cultivars. Experiments conducted in 2002 and 2004 resulted in comparable or better leaf spot control and significantly greater yield (P < 0.05) with a combination of B. subtilis and cupric hydroxide compared to cupric hydroxide alone. In 2005, no differences in yield were observed despite significantly less leaf spot diseases with the mixture (Culbreath, unpublished data) .
Sulfur alone provided some disease management benefits, but the effects were not as great as copper sulfate alone and did not result in higher yields than the non-treated control. There was noticeable phytotoxicity (data not shown) in the sulfur and sulfur mixture treatments shortly after applications that may explain the lack of yield response compared to the non-treated control, and the reduced yield observed for the copper sulfate and sulfur mixture compared to the copper sulfate treatment alone. Based on this result, we do not recommend use of sulfur in commercial organic production unless copper toxicity levels are a concern and leaf spot diseases are in clear need of control.
Although neem oil has been reported to provide suppression of late leaf spot of peanut (5, 14) , and early blight and Septoria leaf spot of tomato (15), our results provide no indication that neem oil has activity against early or late leaf spot diseases of peanut in Georgia. These results corroborate results from a previous field experiment (Culbreath, unpublished data) in which neem oil provided no control of early leaf spot on a susceptible peanut cultivar.
Although the level of disease caused by soilborne pathogens was low, there were no indications that any of the fungicide treatments have activity against the diseases we evaluated. A previous study conducted by Culbreath et al. (4) also found no activity against soilborne diseases by copper-containing fungicides. Crop rotation with non-host crops and use of resistant cultivars will be critical for the management of soilborne diseases in organic production systems, since there are few other acceptable options. In conventional peanut production, two or more synthetic fungicide applications are recommended to manage soilborne diseases (9) . The cultivars tested in these experiments were selected because of their resistance to multiple diseases. Georganic has partial resistance to spotted wilt, early and late leaf spot diseases, and stem rot (2,7). Perry is moderately resistant to early leaf spot, Cylindrocladium black rot and Sclerotinia blight (8), while GP-NC 343, released for insect resistance (1), has moderate resistance to early and late leaf spots (10) .
The yield response of cultivars evaluated under organic fungicide applications was less than would be expected if susceptible varieties were sprayed with synthetic fungicides (2) . It may be that the cultivars evaluated in these studies were tolerant to leaf spot diseases, thus minimizing yield loss. In many cases, use of a cultivar with resistance or tolerance to leaf spot pathogens may not require use of foliar fungicide applications to achieve acceptable yields. Cantonwine et al (2) reported that net economic returns of Georganic grown without fungicides were similar to or better than those of the standard cv Georgia Green treated with seven applications of chlorothalonil. However, when environmental conditions are very conducive for leaf spot development during certain years or in specific locations, use of organically-approved fungicides may be essential to protect yields. Our results indicate that copper sulfate or cupric hydroxide would be more effective for leaf spot control than the other materials evaluated in the experiments reported here.
Additional research is in progress to evaluate wide interval schedules and fungicide programs that begin when disease is first noticed, rather than relying on the calendar-based schedule currently recommended for leaf spot control in conventional production. A fungicide plan that minimizes the number of fungicide applications would fit better into an organic production plan than the calendar-based system tested in this experiment because organic producers must document need for every input. Since yield loss was minimal in this study, it is possible that under similar situations, fewer applications of copper fungicides could be used with minimal impact on pod yields.
